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ABSTRACT 
Many concrete structures are vulnerable to extreme loadings such as accidental impact, terrorist attack and 
earthquake disasters. Retrofitting of existing concrete structures for enhanced performance under these loadings 
has been an important topic of research for a long time, especially since the 911 terrorist attack. Among the 
different retrofitting techniques, external bonding of fibre reinforced polymer (FRP) composites has been a 
popular one. This paper presents a brief review of recent research on FRP strengthened concrete structures under 
blast, impact, earthquake and cyclic loading.  
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INTRODUCTION  
 
Fibre reinforced polymer (FRP) composites have been widely used for retrofitting concrete structures as 
externally bonded reinforcement, mainly because of their high strength to weight ratios, ease of handling and 
application which eliminates the need for heavy equipment, fast installation and the fact that they do not corrode 
(ACI440, 2008). Whilst the vast majority of research in this area has been concerned with static behaviour of 
FRP strengthened concrete structures, significant progress has been made on the behaviour of such structures 
under extreme loadings such as blast and impact, earthquake, fire and repeated fatigue loading, in light of 
devastating consequences of some major terrorist attacks and earthquakes. This paper presents a brief review of 
recent research on FRP strengthened structures under a) blast and impact; b) earthquake and c) cyclic (fatigue) 
loadings. 
 
The blast and impact behaviour of FRP retrofitted concrete structure is reviewed first below. A number of 
experimental and finite element (FE) studies have indicated clearly that FRP and polymer retrofitting can 
significantly increase the dynamic resistance of structures, by increasing either strength or ductility or both, with 
reduced fragmentation. However, the analysis of the dynamic response of structures induced by blast and impact 
load is very complex as it involves the effect of high strain rates, non-linear inelastic material behaviour, 
uncertainties in predicting the load and the time-dependent deformations. 
 
The seismic resistance of FRP-strengthened structures have been researched experimentally, analytically and 
numerically. These studies can be generally classified based on the types of structures and members: (a) 
reinforced concrete (RC) columns, (b) concrete and masonry walls, (c) beam-column joints, and (d) RC frame 
structures. Most of the experimental studies have been conducted for structural members such as beams, 
columns and joints, and frame structures under quasi-static test (cyclic) or pseudo-dynamic loadings. These are 
reviewed next. 
 
Fatigue behaviour is a major concern for some concrete structures such as bridges strengthened with FRP. A 
number of studies have demonstrated that the application of FRP can reduce the stress in the longitudinal steel 
bars and increase the fatigue life of RC members (Shahawy and Beitelman 1999, El-Tawil et al. 2001). 
However, other studies have showed that, while the stress level of reinforcing steel was initially reduced due to 
the presence of FRP, it was subsequently returned to the stress level corresponding to the non-strengthened 
specimens (Masoud et al. 2001, Brena et al. 2005). Local debonding of the interface between FRP and concrete 
resulting in stress redistribution is believed to explain this behaviour (Harries and Aidoo 2005, Diab et al. 2009). 
Thus, debonding is an important aspect for the strengthened members during the damage procession under 
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fatigue loads. Although an extensive amount research has been conducted on the behaviour of FRP-concrete 
bond interface, very limited information is available regarding the fatigue performance of FRP-concrete 
interface. The third part of this paper presents a review of the fatigue behaviour of concrete structures 
strengthened with externally bonded FRP, focusing on the fatigue performance of FRP-concrete bond interface. 
 
BLAST AND IMPACT BEHAVIOUR OF FRP-STRENGTHENED STRUCTURES 
 
Buchan and Chen (2007) and Malvar et al. (2007) summarized experimental and finite element (FE) studies 
conducted to investigate the behaviour of FRP strengthened concrete structures under blast loads available in the 
public literature before 2006. Thus, this section presents a review of the more recent studies on FRP 
strengthened concrete structure under blast and impact loads conducted since then. 
 
FRP Retrofitted Concrete Columns 
 
The blast or impact resistance of concrete columns is of crucial importance for the stability of concrete frame 
structures when they are subject to such extreme loadings. Crawford (2013) summarized studies conducted by 
Karagozian and Case (K&C) in the last two decades on concrete columns strengthened with CFRP for resisting 
blast loads. Their work includes numerical analysis, full-scale blast tests on concrete frame structures and quasi-
static tests of concrete columns. To assess the efficiency of FRP in strengthening concrete column, a numerical 
research (Crawford et al. 1996, 2001) was conducted for the bombing of the Alfred P. Murrah Federal Building 
in Oklahoma City in 1995, which ultimately led to the collapse of about half of the building structure due to the 
failure of one or more main load-bearing columns. It was concluded that that the columns of the Murrah 
building could have been upgraded using FRP composite wraps to enhance their blast resistance, limit their 
lateral deflection, and prevent its collapse. Malvar et al. (2007) also showed that both steel jackets and FRP 
wraps could be used to successfully prevent column damage and building collapse. Elsanadedy et al.’s (2011) 
numerical study on CFRP-retrofitted concrete column using the K&C concrete damage model indicated that 
charge weight and stand-off distance in a blast event plays the critical role on the response of the concrete 
columns under explosion but even a light retrofitting could provide considerable increase of blast resistance of 
columns. The FRP was assumed to be perfectly bonded to the column in all the relevant numerical studies. 
 
There have been a small number of studies on FRP strengthened concrete columns under impact loading. Ferrier 
and Hamelin (2005) conducted impact tests on CFRP retrofitted concrete columns and observed that the loading 
capacity of CFRP strengthened concrete columns were 88% higher than that of the reference columns without 
strengthening. Uddin et al. (2008) conducted a serial of tests by using a drop-tower testing machine to 
investigate the effect of low velocity impact on high-strength concrete confined by either a prefabricated 
polypropylene (PP) jacket or a CFRP wrap. The PP-confined columns exhibited much higher energy absorption 
capacity and deformability but lower peak load compared with the CFRP retrofitted columns. Note that both 3 
and 6mm PP were less stiff than the 1 layer CFRP used. The control specimen failed in the test under 246N 
impact weight with a drop height of 30cm, but the 1 layer CFRP strengthened specimen remained intact after 
test with the same drop parameters. Xiao and Shen (2012) reported a set of axial impact tests of concrete-filled 
steel tubes (CFT) and CFRP-confined CFT columns with different impact energies. The latter were wrapped 
with two to four layers of 0.11mm CFRP confined in hoop direction. The results indicated that the failure 
patterns were related to the impact energy, the steel tube thickness and additional CFRP strengthening. An 
increase in the confinement enhanced the impact resistance of the columns. 
 
FRP Retrofitted Concrete Slabs  
 
Many studies have been conducted on the blast and impact behavior of FRP strengthened RC slabs. Silva and 
Lu (2007) examined the feasibility of using CFRP and steel fiber reinforced polymers (SRP) for strengthening 
on either one side only or both sides. It was observed that slabs retrofitted with CFRP on both sides exhibited 
better blast resistance than that retrofitted on only one side mainly because the former has better resistance 
against negative bending moment due to rebounding. Slabs retrofitted with the SRP behaved in a similar 
manner. Wu et al. (2007) strengthened one-way RC slabs with near surface mounted (NSM) CFRP strips on 
either the tensile or compressive face. The test results indicated that the NSM retrofitting technique was 
effective for increasing the flexural capacity of RC slabs. Based on the limited test results, it was shown that 
tensile face NSM CFRP strips did not increase the blast resistance, but the compressive face NSM CFRP strips 
enhanced the energy absorption capacity. Razaqpur et al. (2007) investigated the blast performance of RC slabs 
retrofitted with two cross-layered 500mm wide GFRP strips covering the middle half of the slabs on both sides. 
The test results were mixed: the GFRP retrofitted slabs had either higher or lower residual strength than the 
control specimens depending on the charge and stand-off distance. Garifield et al. (2011) conducted a similar 
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study with slabs bonded with two layers of GFRPs orthogonal to each other. The test results indicated that the 
GFRP strengthening reduced the fragmentation, cracking and damage. Slabs with thicker GFRP strengthened 
exhibited significantly less damage, fragmentation and crack width. Razaqpur et al. (2007) observed no GFRP 
delamination, but Garifield et al. (2011) observed GFRP delamination from the whole back face of the RC 
slabs, while it remained bonded in the front face, which might be due to the different charge weights and stand-
off distances used in the two studies. 
 
Attention has also been paid to FRP strengthening of RC slabs under both low speed (1-6m/s) impact and high-
speed (92-158m/s) penetration. Bhatti et al. (2011) conducted a series of falling-weight low speed impact tests 
one-way slabs. All the slabs were retrofitted with FRP sheets bonded on the bottom face. The results showed 
that all the strengthened slabs performed better than the reference un-strengthened ones. Slabs with bi-
directional aramid fiber reinforced polymer (AFRP) strengthening had both higher static and dynamic loading 
capacities than those with uni-directional AFRP/CFRP sheets, because the former could more effectively 
restraint the development of the bi-directional crack pattern experienced in the slabs. Almusallam et al. (2015) 
conducted a series of high velocity penetration tests using rigid hemispherical nosed 0.8kg steel projectiles and 
corresponding finite element (FE) analysis of both un-strengthened and CFRP strengthened one way RC slabs. 
The strengthening system included one layer of unidirectional CFRP sheet on the bottom face with fibres in the 
slab span direction. The CFRP strengthening was found to increase the ballistic limit velocity by 18% and 
perforation the energy of RC slabs by 57%, reduce the front damage crater and contain concrete fragmentation 
at the lower face.  
 
FRP Retrofitted Concrete Beams 
 
Very limit research on FRP strengthened beams under blast has been conducted. To the best knowledge of the 
authors, only Ross et al. (1997) tested six simply supported RC beams, which has been reviewed in Buchan and 
Chen (2007). In contrast, a number of studies have been conducted on beams under impact loading (Erki and 
Meier 1999, Tang and Saadatmanesh 2003, Kabir and Shafei 2009).  
 
Erki and Meier (1999) tested a number of RC beams strengthened with CFRP laminates or steel plates (with 
similar tensile capacity to CFRP) at the tensile face. The beams were tested by raising one end and then 
dropping from a specified height. The test results showed that under the same drop height, the CFRP 
strengthened beams had smaller deflections compared with the un-retrofitted reference beam, whereas the 
external steel plate yielded before the maximum deflection was attained resulting in larger mid-span deflection 
for the steel plated beams than the CFRP strengthened ones. CFRP debonding was observed, suggesting that 
additional anchorage of the CFRP laminates would improve the efficiency of the strengthening. Steel plate 
strengthening provided a higher energy absorption capacity than CFRP strengthening due to yielding. Tang and 
Saadatmanesh (2003) tested RC beams strengthened with CFRP or Kevlar composites bonded to the top and 
bottom faces for resisting impact. The impact load was applied by dropping a steel cylinder onto its top face. 
The test results revealed that both CFRP and Kevlar composite strengthening significantly increased the impact 
resistance and reduced the maximum deflection compared with the un-retrofitted control beams at the same drop 
height. The gain from FRP strengthening depends on the type, thickness, weight, and material properties of the 
composite laminate. The stiffer CFRP strengthening resulted in smaller deflections. Both CFRP and Kevlar 
composite strengthening reduced the number of cracks and crack width. Kabir and Shafei (2009) conducted both 
analytical and FE analyses of FRP retrofitted RC beams under low velocity impact. The analytical analysis 
based on the idealized elastic spring-mass model and flexural wave propagation theory showed that externally 
bonded CFRP can significantly enhance the impact resistance of the beams with reduced maximum deflection 
and increased maximum impact loading capacity. The FE analysis results showed that CFRP strengthening 
increased the initial and residual stiffness and the CFRP strengthened beam is more ductile than the un-
retrofitted ones due to an increase of the number of flexural-shear cracks. Concrete cover separation failure is 
highly probable for CFRP retrofitted slender beams, but for deeper beams with smaller span to depth ratios 
debonding of CFRP is less critical.  
 
SEISMIC BEHAVIOUR OF FRP-STRENGTHENED STRUCTURES 
 
Earthquake resistance of structures is usually evaluated by the loading capacity, stiffness, deformability of the 
whole structures or critical structural members, and energy absorption capacity. A huge amount of research has 
been conducted in seismic retrofitting of existing concrete structure using FRP.  
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FRP- Strengthened RC Columns 
 
Numerous studies have been devoted to the seismic performance of FRP strengthened RC columns because they 
are particularly vulnerable to failure in earthquakes (Teng et al 2003). The envelop extracted from the stress-
strain curves of FRP wrapping columns under cyclic axial compression is close to the stress-strain response of 
monotonically loaded FRP wrapping columns (Lam et al. 2006, Abbasnia and Ziaadiny 2010, Ozbakkaloglu 
and Akin 2012, Wang et al. 2012). When a column is subjected to seismic loading, its energy absorption 
capacity, rather than its load capacity is the main concern. RC columns can be strengthened with either partial or 
continuous FRP wrapping in the potential plastic hinge zones at the top and bottom, or along the full height 
(Parvin and Brighton 2014). Numerous studies have concluded that the FRP wrapping of concrete columns can 
significantly enhance both strength and ductility (Parvin and Wang 2002, Ozcan et al.  2008, Wu et al.  2008, 
Lam and Teng 2009, ElSouri and Harajli 2011).  
 
The energy dissipation capacity of retrofitted columns is influenced by FRP jacket confinement stiffness 
(Promis et al.  2009, Gu et al.  2010), the axial load ratio (Ozbakkaloglu and Saatcioglu 2007, Gu et al. 2010, 
Zhou et al. 2013a) and the aspect ratio of the column section (Ozbakkaloglu and Saatcioglu 2007, Gu et al. 2010, 
Bui et al. 2015). The improvement of the strength and ductility capacity by using FRP wrapping the full height 
of columns is not in proportion with that contributed from FRP wrapping in the potential plastic hinge locations 
(Parvin and Brighton 2014).  
 
An increase in energy dissipation due to FRP wrapping means an increase of ductility and thus increased 
sectional curvature capacity and inter-storey drift capacity (Wu et al.  2008, Gu et al. 2010, Goksu et al. 2012, 
Pantelides and Moran 2013, Parvin and Brighton 2014), because the drift capacity of columns is dominated by 
the plastic hinge length and the section curvature (Ozbakkaloglu and Saatcioglu 2007, Gu et al. 2010, Parvin 
and Brighton 2014).  FRP wrapping can also prevent buckling of longitudinal reinforcement, and reducing the 
damage in non-seismically designed RC columns (Wu et al.  2008, Gu et al. 2010, Goksu et al. 2012,Pantelides 
and Moran 2013, Parvin and Brighton 2014). 
 
The formation and expansion of inclined cracks were effectively delayed by the actively confined stress from 
the FRP wrapping. As a consequence, the failure mode of a strengthened column often changes from brittle 
shear failure to flexural failure or flexural-shear failure (Bailey and Yaqub 2012, Goksu et al. 2012, Zhou et al. 
2013a).  
 
The FRP retrofitting technique is less effective for RC columns in near-fault ground motion compared with far-
fault ground motion because the plastic hinge length in FRP strengthened RC column subjected to near-fault 
motion is shorter (Fakharifar et al. 2015). 
 
FRP-Strengthened Concrete and Masonry Walls 
 
Concrete and masonry walls can be subjected to shear force both in the in-plane and out-of-plane under seismic 
action. The FRP strengthening system can significantly improve the strength, displacement capacities and 
energy dissipation ability for concrete and masonry walls (ElGawady et al. 2007, Hamed and Rabinovitch 2008, 
Capozucca 2011, Konthesingha et al. 2013, El-Sokkary and Galal 2013, Umair et al.  2015), and it is especially 
effective for masonry walls (Hamed and Rabinovitch 2008, Bui et al. 2015). If sufficient FRP strengthening is 
applied, the failure can change from a shear dominant mode to a flexural dominant mode. Note that the FRP 
strengthening would not make a significant difference in the initial stiffness of walls (Zhou et al. 2013b, Umair 
et al. 2015).     
 
Cruz-Noguez et al. (2015) showed that FRP strengthening is effective for increasing loading capacity, ductility 
and energy dissipation capacity of RC shear walls. It has also been shown that the application of a hybrid FRP-
modified mortar strengthening system leads to better ductility but lower strength than the externally bonded FRP 
alone for both masonry and RC walls (Papanicolaou et al. 2011, Todut et al. 2015, Umair et al. 2015, Bui et al.  
2015). Appropriate application of anchorage systems can allow the FRP to develop its ultimate tensile strength 
without premature debonding and this signficantly improves the strengthening efficiency (El-Sokkary and Galal 
2013, Cruz-Noguez et al. 2015, Todut et al.  2015, Umair et al. 2015). 
   
FRP-Strengthened Beam-Column Joints 
 
Failure of beam-column joints has been identified as the prime cause of collapse for many moment-resisting 
frame buildings. A large number of studies have been carried out to investigate the seismic performance of 
426
beam-column joints strengthened using FRP systems. The FRP strengthening for exterior or interior beam-
column joints can be usually classified in six schemes: (a) L-shape overlay on the beam-column joint ( Li and 
Chua 2009, Attari et al. 2010, Li and Kai 2011, Fakharifar et al. 2014,), (b) column wrapping (Pantelides et al.  
2008, Li and Kai 2011, Fakharifar et al. 2014 , Realfonzo et al. 2014), (c) column and beam wrapping (Li and 
Chua 2009, Sasmal et al. 2011, Akguzel and Pampanin 2012, Agarwal, et al. 2014, Hadi and Tran, 2015), (d) 
column warping in addition to U-shape external bonding under beam (Al-Salloum and Almusallam, 2007, Li 
and Chua 2009, Alsayed et al. 2010, Alhaddad et al. 2012, Fakharifar et al. 2014,), (e) web-bonded FRP 
(Pantelides  et al. 2008, Li and Kai 2011, Fakharifar et al. 2014, Realfonzo et al.  2014), (f) near surface 
mounted FRP on beam and/or column (Sasmal et al. 2014). These schemes may be jointly applied in order to 
dramatically improve the seismic performance of the joints (Li and Kai 2011). 
 
Hinge failure in the beam is usually the preferable failure mode for beam-column joints. FRP wrapping of the 
beams in the joint vicinity has been found to be efficient and essential for a ductile response of retrofitted frames 
because it enables the formation of plastic hinges in the beams to achieve an energy dissipation mechanism 
(Fakharifar et al. 2014). However, care must be exercised for such a strengthening scheme because the most 
common failure mode in the experimental studies is the shear failure in the joint if the beam and column are 
properly strengthened (Pantelides et al. 2008, Del Vecchio et al. 2014), and the failure mode can turn to the 
catastrophic column failure if the FRP strengthening results in a strong-beam weak-column system (Bousselham 
2010). 
 
It is generally agreed that the application of externally bonded FRP can improve the shear resistance, ductility 
and energy dissipation of beam-column joints. It makes little difference for the initial stiffness of the joint but  
leads to a more gradual stiffness degradation after the appearance of the first crack in the joint (Mahmoud et al. 
2014, Del Vecchio et al. 2015, Hadi and Tran 2015). The application of an appropriate anchorage system can 
delay or prevent the premature FRP debonding failure and this significantly improves the effectiveness of FRP 
strengthening (Li and Chua 2009, Sasmal et al. 2014). 
 
FRP- Strengthened RC Frame Structures 
 
As FRP strengthening can enhance the capacity and ductility of RC beams, columns and joints, it can naturally 
be used to retrofit RC frames to enhance their seismic performance. For example, FRP shear reinforcement 
(wraps) may be deployed to prevent the shear failure of columns and FRP flexural reinforcement of columns 
may be used to reduce drift ratios of a frame structure, leading to enhanced strength and ductility (El-Sokkary 
and Galal 2009, Choi et al.2014). An important topic of research is the choice of appropriate choice 
strengthening schemes and locations for optimal performance of the whole structure (Zou et al. 2007). 
 
In design of seismic resistant RC frame structures, the principle of weak beam-strong column is usually 
followed in order to ensure that plastic hinge occurs in the beams so that frame is capable of dissipating 
significant energy while remaining stable (Mahini and Ronagh 2011, Cao and Ronagh 2014). If a frame 
structure does not satisfy a given seismic design standard, appropriate FRP strengthening may be employed to 
rectify the problem (Cao and Ronagh 2014, Hadigheh et al. 2014). 
 
For low-rise RC frame structures, the relative strength of beams to that of columns is usually high, which can 
result in column failures. FRP strengthening of columns is usually effective in increasing the peak ground 
acceleration (PGA) of the structure and its maximum drift capacity (Galal and El-Sokkary 2008). For medium 
and high rise RC frame structures, the relative strength of beams to that of columns is usually low, which can 
lead to failure in beams. FRP strengthening of beams is effective in increasing the PGA of the structure and its 
drift capacity (Galal and El-Sokkary 2008).  
 
Similar to RC columns, the FRP strengthening technique is also less effective for frame structures in near-fault 
ground motion than far-fault ground motion (Cao and Ronagh 2014).  
 
FATIGUE BEHAVIOUR OF FRP STRENGTHENED CONCRETE STRUCTURES 
 
Many concrete structures such as crane girders and bridge are subjected to fatigue loading. For FRP 
strengthening of these structures, the fatigue behaviour is often of concern. This section presents a review of the 
fatigue behaviour of concrete beams strengthened with externally bonded FRP.  
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Fatigue Behaviour of FRP-Concrete Interface 
 
Existing research has shown that the bond interface between FRP and concrete in concrete beams strengthened 
with externally bonded FRP plays a crucial role (Chen and Teng 2001). FRP debonding failure is very 
frequently observed in these structures under both static and fatigue loadings. Although extensive research has 
been conducted to investigate the behaviour of the FRP-concrete bond interface, the vast majority of the work 
has been concerned with monotonic static loading. Only a very limited studies have been concerned with the 
bond behaviour under cyclic loading (which can due to seismic excitations or traffic loads) (Martinelli and 
Caggiano 2014). Experimental study of the bond fatigue behaviour is usually undertaken using the single shear, 
double shear, or bending test. (Chen et al. 2001, Chen et al. 2012, Xie et al. 2015).  
 
Failure mode 
 
Two typical fatigue failure modes occur in a FRP-concrete bond system: FRP fracture and FRP debonding. For 
pure shear tests, FRP rupture usually occurs when the maximum applied cyclic stress approaches the static bond 
strength of the FRP (Bizindavyi et al. 2003) at the loaded end where local bending is evident (Chen et al. 2001). 
For the bending test, FRP rupture usually occurs near the transverse crack where high stress concentration is 
present (Xie et al. 2015). FRP debonding is the most common failure mode for the FRP-concrete interface under 
cyclic loading (Bizindavyi et al. 2003, Ferrier et al. 2005, Ko and Sato 2007, Yun et al. 2008, Diab et al. 2009, 
Mazzotti and Savoia 2009, Nigro et al. 2011, Carloni et al. 2012, Carloni and Subramaniam 2013, Xie et at. 
2015). The debonding failure occurs generally in the concrete at a few millimetres away from the concrete-to-
adhesive surface (Yun et al. 2008, Kim and Heffernan 2008). Failure in the adhesive is rare because the tensile 
strength of adhesive is usually much higher than that of the concrete. 
 
Fatigue load-slip response of FRP-to-concrete bond interface 
 
A number of experimental and theoretical studies have been concerned with the fatigue load versus the loaded-
end slip response of the bond interface (Bizindavyi et al. 2003, Ko and Sato 2007, Diab et al. 2009, Carloni et al. 
2012, Carloni and Subramaniam 2013, Marinelli and Caggiano 2014, Carrara and Lorenzis 2015). These studies 
have shown that the stiffness of the bond load-slip response decreases as the number of fatigue cycles increases 
due to the propagation of fatigue damage along the interface. The rate of stiffness reduction is affected by the 
fatigue load level, e.g., rapid deterioration is experienced under a high cyclic stress (Bizindavyi et al. 2003).   
 
Fatigue life 
 
The fatigue life of a FRP-concrete bond interface is affected by the modulus of elasticity of FRP, the concrete 
strength, the cross-sectional area of FRP and the FRP bond length. The fatigue life increases with an increase of 
these parameters. It should be noted that when the bond length is larger than the effective bond length, the static 
bond capacity of FRP-concrete interface is constant (Chen and Teng 2001), but the fatigue life increases with 
the FRP bond length (Bizindavyi et al. 2003) because a longer bond length takes more cycles for the fatigue 
crack to propagate. Based on experimental observations, the debonding process can be divided into three stages: 
rapid propagation, stable propagation and unstable failure (Diab et al. 2009, Bizindavyi et al. 2003). The first 
and second stage cover about 90% of the fatigue life.  
 
It may be noted that Diab et al. (2009) concluded that no failure occurred for specimens if the maximum fatigue 
loading is less than 60% of the static bond capacity of the FRP-concrete bond interface, but Iwashita et al.’s 
(2007) test results indicated that debonding failure occurred if the maximum fatigue loading was over 30% of 
the static loading capacity.  
 
Post-fatigue behaviour 
 
Some experimental studies have been conducted to investigate the post-fatigue monotonic behaviour of FRP-
concrete interface. Yun et al. (2008) showed that the post-fatigue bond strength under monotonic static load was 
not influenced by the fatigue damages if a sufficient intact bond length was still available. Similar observations 
were also reported by Ko and Sato (2007), Diab et al. (2009) and Mazzotti and Savoia (2009). However, after 
high-level fatigue loading, the FRP-concrete has a significant reduction in the bond stiffness under monotonic 
loads (Yun et al. 2008). This is understandable as the fatigue loading has resulted in to damage to the interface. 
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Fatigue Behaviour of FRP-Strengthened RC Beams  
 
Many studies have been conducted to investigate the performance of FRP-strengthened concrete members 
subjected to fatigue loading, but only the fatigue behaviour of RC beams flexurally strengthened with FRP 
laminates is discussed in this section. Kim and Hefferan (2008) and Oudah and El-Hacha (2013) produced two 
comprehensive reviews of the fatigue behaviours of RC beams flexurally strengthened with FRP laminates.  
The fatigue failure process of FRP-strengthened beams can usually be described in three stages: cracks initiation, 
stable damage, and unstable failure (Xie et al. 2012). In generally, the first phase covers about 3% to 5% of the 
fatigue life. Rapid stiffness degradation of the beam is experienced in this stage. The second stage covers about 
90% of the fatigue life during which little change in the deformation of the beam is experienced. The third stage 
is a rapid failure stage, in which the tensile steel fractures first followed by FRP debonding or rupture (Xie et al. 
2012).  
 
The most commonly observed fatigue failure mode of FRP strengthened beams is the rupture of the tensile 
reinforcing steel followed by FRP debonding or FRP rupture. In such a failure mode the fatigue failure of the 
beam is primarily governed by the fatigue life of the steel reinforcement, rather than the concrete or FRP 
(Barnes and Mays 1999; Masoud et al. 2001; El-Hacha et al. 2003; Aidoo et al. 2004; Heffernan and Erki 2004; 
Brena et al. 2005; Toutanji et al. 2006). However, in all previously reported studies, some extent of debonding 
of the FRP from the concrete substrate has been observed. Once local debonding occurs, some of the stress 
carried by the FRP is redistributed back to the internal reinforcing steel in the regions of debonding. This 
implies that there may be complicated interactions between FRP debonding with steel stress under fatigue 
loading which requires further research.  
 
SUMMARY 
 
External bonding of FRP composites has become a very popular technique for strengthening concrete structures 
and much of recent research has been concerned with the applications of this technique for retrofitting concrete 
structures under extreme actions. This paper has presented a brief review of recent research on FRP 
strengthened concrete structures under some extreme actions including blast, impact, earthquake and fatigue. 
The main conclusions may be summarised as follows, together with recommended further research: 
1. Although some studies have been conducted on the blast and impact behaviour of FRP strengthened 
structures, much of the understanding is still qualitative. A significant amount of further research is required to 
advance quantitative understanding of the behaviour of such strengthened structures leading to rational design 
methods. 
2. The fatigue life of the FRP-concrete interface increases with an increase of the elastic modulus of FRP, 
concrete strength, cross-sectional area of FRP and bond length of FRP. If a sufficient intact bond length is still 
available, the fatigue history does not influence the debonding load capacity of the FRP-concrete interface under 
post-fatigue monotonic loading. Further research is required to establish a more precise bond-slip model to 
evaluate the fatigue damage of the bond interface. This would lead to improved understanding and thus more 
rational design of structures under seismic and other cyclic actions. 
3. Numerous studies have been contributed to seismic strengthening of concrete structures. Whilst it is well 
understood that externally bonded FRP is very effective for seismic retrofitting of concrete structures, further 
research is required on the optimal strengthening schemes and mechanisms for beam-column joints, and how to 
choose the optimal strengthening schemes, locations and amount of material in order to achieve the best 
retrofitting of complex structures such as frames. 
4. The most commonly observed fatigue failure mode of FRP strengthened beams is the rupture of the tensile 
reinforcing steel bars followed by FRP debonding or FRP rupture. Some extent of debonding of the FRP from 
the concrete substrate usually occurs before the ultimate failure which may lead to stress re-distribution between 
FRP and steel. The role of the FRP debonding is not clear yet with respect to the overall fatigue behaviour of the 
strengthened RC beam. Therefore, further research is needed to investigate of the relationship between FRP 
debonding with steel stress under fatigue loading leading to improved design mythologies. 
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